Association studies investigating the link between the dopamine D2 receptor gene (DRD2) and alcohol (mis)use have shown inconsistent results. This may be due to lack of attention for environmental factors. High levels of parental rule-setting are associated with lower levels of adolescent alcohol use and delay of initiation of drinking. We tested whether DRD2 TaqI A (rs1800497) genotype interacts with alcohol-specific parenting practices in predicting the uptake of regular adolescent alcohol use. Non-regular drinkers were selected from a Dutch, nationwide sample of 428 adolescents (mean age 13.4 years at baseline) and participated in a prospective, community-based study with three annual waves. Parental rule-setting was directly and inversely related to adolescent alcohol use over time. For DRD2 genotype no significant main effect was found. DRD2 genotype interacted with parental rule-setting on adolescent alcohol use over time: adolescents, with parents highly permissive toward alcohol consumption and carrying a genotype with the DRD2 A1 (rs1800497T) allele, used significantly more alcohol over time than adolescents without these characteristics. The DRD2 genotype may pose an increased risk for alcohol use and abuse, depending on the presence of environmental risk factors, such as alcohol-specific parenting.
Introduction
Alcohol use is common among adolescents and young adults in most Western European countries. 1 In the Netherlands, lifetime prevalence of alcohol use among 12-to 15-year olds is 88.4% for boys, and 85.5% for girls. 2 Of those European adolescents who start drinking before the age of 16, boys are 12.3 years old when they consume their first alcoholic drink, and girls are on average 12.0 years old. 3 Behavioral genetic studies with twin designs have shown a significant genetic component not only in alcohol dependence (explained variance 58% 4 ), but also in regular alcohol use (43% 5 ) and alcohol-related problems (38.5% 6 ). In addition, a genetic component of approximately 30% has also been identified for initiation of drinking 7, 8 (see for an overview Poelen et al. ).
In attempts to unravel this genetic basis, molecular genetic studies have focused on specific genes associated with alcohol use and dependence. The dopamine system, especially the dopamine D2 receptor gene (DRD2), has been the main candidate in association studies. Several lines of research have suggested the importance of dopamine in alcohol use and dependence. First, alcohol activates dopaminergic pathways in the limbic system (nucleus accumbens, basal ganglia) and prefrontal cortex. 10 Pierce and Kumaresan 11 suggested that alcohol generates its reinforcing effect by increasing the firing rate of dopaminergic neurons in the ventral tegmental area, which leads to enhanced dopaminergic activity in the nucleus accumbens. Second, Noble et al. 12 proposed that persons with lower dopamine levels in the brain would compensate for this reduced sense of reward by drinking alcohol. Alcohol-dependent persons indeed have lower levels of striatal dopamine D2 receptors availability than control persons, 13 which might lead to increased compensatory drinking behavior.
14 Third, D2-like dopamine receptor antagonists, such as raclopride and eticlopride, reduce alcohol self-administration in rats. 15 Given the evidence that highlights the importance of dopamine in alcohol use and addiction, genetic changes causing altered functioning of the dopaminergic systems might contribute to the development of alcohol use, misuse and dependence. One specific single nucleotide polymorphism (TaqI A, rs1800497 C-T) in the DRD2 has been examined in a large number of association studies for its relation with alcohol dependence or alcohol use, mainly with casecontrol designs in adults. Various studies have shown evidence for an association (for example, Berggren et al. 16 and Foley et al., 17 see for meta-analyses Munafo et al. 18 and Noble 19 ), whereas others have not. [20] [21] [22] Few of these studies have included adolescent samples. Guo et al. 23 tested whether associations between several polymorphisms, among which the DRD2 variant, and alcohol consumption differed for adolescents and young adults. The DRD2 A1 allele appeared to be significantly associated with alcohol consumption in young adulthood but not in adolescence.
1 (Guo et al. 23 stated that the difference in the intensity of peer influence may explain the genelifecourse interactions. We would like to add that in their sample young adults also consumed alcohol more frequently than adolescents, which may have accounted for (part of) the significant association between certain polymorphisms and alcohol use in young adulthood.) However, the lack of direct genetic effects in adolescence does not mean that DRD2 genotype could not be indirectly related to alcohol use. Adolescence is a developmental period in which complex environmental influences within and outside the family codetermine the initiation and use of alcohol. 7, 8 In other words, certain genetic polymorphisms may increase the likelihood that a person will develop alcohol dependence or will start using alcohol very early, but the actual manifestation of the disorder or habit might depend on environmental factors, 24 ,25 a so-called gene-environment (G Â E) interaction.
In the past decade, various studies have examined the interaction between genetic polymorphisms and adverse environments, such as stressful events, [26] [27] [28] parental maltreatment, [29] [30] [31] negative family relationships 32 and inadequate parenting 33 on adolescent engagement in problem behaviors. Regarding adolescent alcohol use, no studies are available that have tested interactions between genes implicated in the dopaminergic system and environmental factors. In adult populations, those studies that have included both dopaminergic genetic factors and environmental variables were cross-sectional and often used retrospective data, making them unable to determine direction of effect and prone to recall biases. 34 It is well established that parenting practices affect adolescent initiation of drinking and adolescents' progression to regular alcohol use. 35 For example, higher levels of parental control and parental monitoring have been associated with less heavy drinking of adolescents. 36 Recent studies have focused on alcohol-specific socialization practices, which refer to specific ways in which parents deal with the alcohol use of their offspring. A key finding involves the effect of alcohol-specific rules from parents on adolescent drinking. That is, high levels of alcoholspecific rule-setting decrease adolescents' alcohol use and delay their onset of drinking. [37] [38] [39] [40] If we are to consider low levels of parental rule-setting toward adolescent drinking as an adverse environmental factor and acknowledge that adolescent behavior varies in response to parental rules, then G Â E interactions might be expected. 41 The effect of alcohol-specific rule-setting may only be prominent in adolescents who possess a certain genetic susceptibility to alcohol (mis)use.
The current study extends the existing literature by examining interaction effects between DRD2 genotype and parental rule-setting on adolescent alcohol use. The focus is on the early initiation phase of adolescent drinking, using a longitudinal three-wave design. We selected those adolescents who had not started drinking alcohol on a regular basis, and examined their drinking behavior over time. We hypothesized that parental rule-setting would be inversely related to the uptake of alcohol consumption in adolescence. [37] [38] [39] We also expected that DRD2 genotype would not be directly related to adolescent drinking (see Guo et al. 23 ), but would moderate the association between parental rule-setting and adolescent alcohol use. To minimize possibly confounding effects of parental alcohol use, 42 general parenting practices of control and supervision, 36 personality of the adolescent 43 and adolescent smoking 44 additional analyses were carried out in which we controlled for these variables.
Methods
Participants and procedure Participants were 428 Dutch adolescents with an average age of 13.4 years (range 13-15 years) at inclusion (T1). The adolescents participated in the longitudinal Family and Health study, which was designed in 2002 to measure various socialization processes underlying health-related adolescent behaviors. 38 Through municipalities in the Netherlands, approximately 5000 families, consisting of both parents and two adolescents, were approached to participate in the Family and Health study. A total of 885 families agreed to participate. Those families in which the family members were not biologically related, had physical or mental disabilities or in which the children were twins were excluded. In addition, to accomplish an equal distribution of sibling dyads (girl-girl, girl-boy, boy-boy, boy-girl) a further selection was made. As such, 428 families were included at T1. Attrition was low, with 416 families (97%) participating in wave two (T2), and 404 (94%) in wave three (T3). Of the two adolescents in each participating family, we only used data of the youngest adolescent.
Families participated by annually filling in extensive questionnaires. Each year they were visited by trained interviewers, who made sure that the questionnaires were filled out separately and individually. When all family members had completed the questionnaires, the family received a voucher of 30 euros. In wave four (T4), DNA samples were collected by means of saliva (Oragene; DNA Genotek Inc., Ottawa, ON, Canada). A total of 311 unrelated adolescents gave written informed consent to be genotyped, of whom 2 could not be genotyped (see Figure 1 ). Attrition analyses were conducted to examine whether adolescents who were genotyped (participants; N = 309) differed from the adolescents who did not (dropouts; N = 119). t-Tests showed no significant differences (P > 0.05) in alcohol use at T1, gender or age between participating and dropout adolescents. Participating adolescents did have a slightly higher level of education at T1 than those who were not included in the study (t(420) = 2.01, P = 0.045). Approval on data collection was obtained from the Central Committee on Research Involving Human Subjects in The Netherlands.
Measures
Adolescent alcohol use. Alcohol use of the adolescents was assessed on a self-report scale with four items that interrogated the number of glasses the adolescents had consumed in the previous week, on weekdays and in the weekend, at home and outside. 45 The sum of the scores on these four items was used as an indication of the amount of alcohol consumed in the previous week. This measure of quantity of adolescent alcohol use has been shown to correlate highly with the frequency of adolescent alcohol consumption 38 and has been successfully used in several previous studies. 46, 47 In addition, the instrument has been validated by findings from observational research showing that respondents' statements about frequency and quantity of alcohol consumption were congruent to their actual drinking behavior. 42 Because of the skewness in the distribution of this variable, total scores were categorized into five groups (1 = 0 glasses, 2 = 1-5 glasses, 3 = 6-10 glasses, 4 = 11-20 glasses, 5 = 21 glasses and above) (see also Van der Zwaluw et al. 48 ).
Parental rule-setting. To measure parental rulesetting, the 10-item scale of Van der Vorst et al.
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was used. This test has shown good reliability and content validity. 49, 50 Adolescents had to respond on a five-point scale ranging from 1 ('completely applicable') to 5 ('not applicable at all') on items that ask whether they were allowed to 'drink in the absence of parents' or 'come home drunk', for example. A higher score indicated higher levels of parental rule-setting. Cronbach's a was high: 0.92 at T1 and 0.91 at T2.
Parental alcohol use. Parental alcohol use was measured as the number of consumed glasses of alcohol in the previous week, during weekdays and weekends, at home and outside, 45 similar to the assessment of alcohol use of the adolescent (described above). The sum of the four items gives an indication of the intensity of parental alcohol use.
Parental behavioral control. General parental behavioral control was assessed by a five-item measure of Kerr and Stattin. 51 Adolescents scored parental control on a five-point scale ranging from 1 ('never') to 5 ('always'), for mothers and fathers separately. An example item is 'Do you need your mother's permission to stay out on a weekday evening?' Cronbach's a's were 0.71 and 0.87 for mothers, and 0.78 and 0.90 for fathers, at T1 and T2, respectively.
Adolescent personality. The Quick Big Five 52 was used at T1 to assess personality traits. On a sevenpoint scale ranging from 1 ('absolutely disagree') to 7 ('absolutely agree') adolescents had to answer to what degree they possessed 30 personality items, reflecting 5 personality dimensions. Cronbach's a's for the different personality scales were 0.77 for extraversion, 0.79 for agreeableness, 0.84 for conscientiousness, 0.75 for emotional stability and 0.65 for openness.
Adolescent smoking. To assess adolescent smoking the adolescents were asked which stage of smoking applied to them. 53 The response scale ranged from 1 ('I have never smoked, not even a puff') to 9 ('I smoke at least once a day'). To differentiate between 428 adolescents (M age = 13.4) were included at the start of the study 311 adolescents gave written consent for gene analysis 205 adolescents were non-regular drinkers at T1 (and included in the analyses from T1 to T2) 165 adolescents were non-regular drinkers at T2 (and included in the analyses from T2 to T3) 2 adolescents could not be genotyped N = 309 Figure 1 Flowchart describing the participants in the study.
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DRD2 genotyping. The DRD2 TaqI A C > T polymorphism (rs1800497) was genotyped using Taqman analysis (assay ID: Taqman assay:C_7486676_10; reporter 1: VIC-A-allele, reverse assay; Applied Biosystems, Nieuwerkerk a/d Ijssel, the Netherlands).
Genotyping was carried out in a volume of 10 ml containing 10 ng of genomic DNA, 5 ml of Taqman Mastermix (2 Â ; Applied Biosystems), 0.125 ml of the Taqman assay and 3.875 ml of H 2 O. Genotyping was performed on a 7500 Fast Real-Time PCR System and genotypes were scored using the algorithm and software supplied by the manufacturer (Applied Biosystems).
To investigate the random genotyping error rate, the lab included five duplicate DNA samples per 96-well plate, which were 100% consistent. In addition, four blancs were included in each plate, which were required to be negative. Hardy-Weinberg equilibrium (HWE) proportions were estimated from parental genotype information using the Markov chain Monte Carlo approximation of the exact test implemented in the GENEPOP package version 3.3. 54 No deviations from HWE were detected (P = 0.96). To maximize the power of the analyses, DRD2 genotype was dummycoded into 1 (A2A2) and 2 (A1A2 and A1A1).
Statistical analyses
Descriptive analyses and Pearson's correlation analyses were conducted on adolescent alcohol use, DRD2 genotype and parental rule-setting. According to Field, 55 Pearson's correlation coefficient can be used when one variable is dichotomous (genotype) and one is continuous (alcohol use, rule-setting). Because the majority of Dutch adolescents starts using alcohol between the age of 13 and 15 years, 56 we selected those adolescents at T1 who were not regular drinkers (that is, those who had not consumed any alcohol in the week preceding the questionnaire) and examined their drinking behaviors 1 year later. The same procedure was carried out from T2 to T3 (see Figure 1) .
We carried out attrition analyses to examine differences in DRD2 genotype, gender, age and level of education between adolescents who reported to drink on a regular basis (regular drinkers; N = 104) and those who did not (non-regular drinkers; N = 205) at T1. t-Tests showed that regular drinkers did not significantly differ (P > 0.05) from the non-regular drinkers on DRD2 genotype, gender or level of education. Regular drinkers were slightly older than non-regular drinkers at T1 (t(307) = 2.64, P = 0.01). A similar attrition was carried out for T2, with comparable results; no significant differences between regular drinkers (N = 143) and non-regular drinkers (N = 165) on DRD2 genotypes, gender and level of education. However, regular drinkers were older than non-regular drinkers (t(306) = 3.19, P < 0.01).
To examine whether DRD2 genotype and parental rule-setting were directly related to adolescent initiation of alcohol use over time, we tested the regression models using package 4.1 of Mplus. 57 Regression weights in the models were estimated with the full information maximum likelihood estimator 58 to account for missing values. No model fit indices were obtained as we tested a saturated path model. In the second model, the interaction term between parental rule-setting and DRD2 genotype was included. All variables were centered before computing interaction terms to avoid multicollinearity. 59 In all analyses we controlled for sex and level of education of the adolescent. In the additional analyses, we controlled for possible confounding effects of parental alcohol use, general parental behavioral control, adolescent personality and adolescent smoking.
Results
Descriptives and correlations DRD2 genotype frequencies are depicted in Table 1 . At T1, 205 adolescents (66%) did not drink alcohol in the week preceding the measurement. At T2, 165 adolescents (53%) did not consume alcohol in the week preceding the measurements. Those who did drink alcohol at T1 and T2 consumed on 
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Correlations between adolescent alcohol use, parental rule-setting and DRD2 genotype are depicted in Table 2 . Adolescent alcohol use and parental rulesetting were significantly related (0.22prp0.37, P < 0.001). DRD2 genotype was not significantly related to adolescent alcohol use (À0.07prpÀ0.01, P = NS) or to parental rule-setting (À0.06prpÀ0.04, P = NS).
Regression analyses
In the initial model, main effects of rule-setting on adolescent alcohol use were found, both from T1 to T2 (see Table 3 ; b = À0.13, P < 0.05), and from T2 to T3 (see Table 4 ; b = À0.17, P < 0.05). In contrast, we found no significant main associations between DRD2 genotype and adolescent drinking from T1 to T2 (b = À0.06, P = NS), or from T2 to T3 (b = 0.12, P = NS). However, there was a significant interaction between rule-setting and DRD2 genotype on adolescent alcohol use from T1 to T2 (b = À0.18, P < 0.05), and from T2 to T3 (b = À0.23, P < 0.01), as depicted in Figure 2 . (For reasons of clarity, the categories of adolescent alcohol use that were used in the Mplus analyses were back-transformed to the number of glasses they had consumed in the past week and as such depicted in Figure 2 .) Adolescents whose parents set low levels of alcohol-specific rules reported higher levels of alcohol consumption when they were DRD2 A1 allele carriers. Gender and level of education were not significantly related to adolescent drinking over time.
Additional analyses
Adding parental alcohol use, parental behavioral control, adolescent personality or adolescent smoking to the model did not change the significant interaction between parental rule-setting and DRD2 genotype on adolescent alcohol use over time (see Tables 3 and 4) . Parental alcohol use was significantly related to adolescent alcohol use over time (0.13 < b < 0.21, P < 0.05), except for paternal alcohol use from T1 to T2 (b = À0.07, P = NS). Parental behavioral control was not significantly related to adolescent alcohol use, except for paternal behavioral control from T1 to T2 (b = À0.14, P < 0.05). Regarding adolescent personality, Gender: 1 = male, 2 = female; DRD2: 1 = A2A2, 2 = A1A2 and A1A1. *P < 0.05, **P < 0.01. 0.32*** 0.31*** 0.27*** À0.06 0.65*** Rules, parental rule-setting from the adolescent's perspective; DRD2: 1 = A2A2, 2 = A1A2 and A1A1. ***P < 0.001.
DRD2, parental rules and adolescent alcohol use CS van der Zwaluw et al only openness to new experiences measured at T1 was significantly positively related to alcohol use at T2 (b = 0.19, P < 0.01). From T2 to T3 adolescent high extraversion, low conscientiousness, and low emotional stability were significantly related to increased levels of adolescent alcohol consumption (b = 0.16, P < 0.05, b = À0.15, P < 0.05, b = À0.17, P < 0.05, respectively). Smoking at T2 was significantly associated with adolescent alcohol use at T3 (b = 0.34, P < 0.001), but not from T1 to T2 (b = 0.10, P = NS).
Discussion
The current study aimed at examining relationships of DRD2 genotype, parental rule-setting and their interaction on adolescent alcohol use over time.
Parental rule-setting was directly and inversely related to adolescent alcohol consumption; imposing strict rules seemed to prevent adolescents from establishing a regular pattern of alcohol consumption. This finding confirmed our hypothesis and corroborates earlier studies.
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We did not find a direct effect of the DRD2 A1 allele on adolescents' uptake of alcohol use. These findings concur with a study from Guo et al. 23 that also did not reveal a relation between the DRD2 A1 allele and alcohol consumption in a sample of 13-to 18-year olds. Although this might suggest that the DRD2 TaqI A polymorphism is less important in this early phase of alcohol use, it is plausible that the effect of genetics may only become apparent if certain environmental factors, such as 'bad' parenting or 'bad' friends, are present. 24 Therefore, we examined the interaction between DRD2 genotype and parental rule-setting on adolescent alcohol initiation. We confirmed our hypothesis of moderation by DRD2 genotype, and found that adolescents with parents highly permissive toward alcohol use consumed more alcohol over time if they carried a DRD2 genotype with at least one A1 allele. This result corresponds to the theoretical 'social control' model of Shanahan and Hofer, 60 in which the environment restricts the opportunity to express genetic predispositions: parental rule-setting was found to 'canalize' the adolescent's genetic predisposition toward alcohol use.
Because the DRD2 A1 allele has been associated with reduced dopamine D2 receptor availability in the brain, 61 creating less dopaminergic activity in the brain, it is possible that A1 allele carriers are more likely to repeat alcohol consumption that results in enhanced dopamine release to compensate for this low-reward state. 12, 62 However, the effect on alcohol Gender: 1 = male, 2 = female; DRD2: 1 = A2A2, 2 = A1A2 and A1A1. *P < 0.05, **P < 0.01, ***P < 0.001. Although the need for G Â E studies has been recognized for over a decade now, few studies have been published to date with regard to alcohol use and misuse. 63 There have been two studies so far that included interactions between DRD2 genotype and environment on alcohol use and misuse in adults. Bau et al. 26 found a significant positive interaction between the DRD2 A1 allele and negative life events on physiological alcohol dependence symptoms in Brazilian alcoholic men. In addition, Madrid et al. 28 showed that the DRD2 A1 allele was significantly related to higher scores on the Michigan Alcoholism Screening Test, if participants reported elevated levels of stress.
Regarding alcohol use in adolescents, we are not aware of studies that have assessed interactions between DRD2 genotype and environmental factors, although Nilsson et al. 29, 32 examined interactions between other polymorphisms and environment on alcohol consumption in adolescence. They found that adverse family functioning in combination with the heterozygous short/long genotype of the HTTLPR variant of the serotonin transporter gene or the 3-repeat allele of the MAO-A gene promoter were related to heavy drinking in adolescence. This new line of research suggests that G Â E effects may not only occur in pathological disorders, but may also translate to variation in more 'normative' behavior, such as the uptake of alcohol use in adolescence. 24 In addition, individuals who start drinking at an early age are at a higher risk for alcohol abuse later in life. 64 Because alcohol use and abuse are such complex heterogeneous phenotypes, it is likely that various genetic and environmental factors contribute to the development or establishment of this behavior. 65 As such, the effect size of one single polymorphism is expected to be small 66 (previous gene association and G Â E studies have generally shown small to moderate effect sizes (for example, 29, 30, 32 )), and more complex interactions may need to be investigated in the future. Guo et al. 23 found evidence for an interaction between the DRD2 A1 allele and the 7-repeat allele of the dopamine D4 receptor gene. However, studies examining gene-gene interactions, or even gene-geneenvironment are still scarce. In the same line of reasoning, environment-environment interactions may occur as well. It might be that adolescents with permissive parents, who encounter heavy drinking friends will start earlier, or consume more alcohol than those without these adverse environmental factors. 67 Therefore, large prospective population studies are required to examine the broad spectrum of etiological factors responsible for the development of alcohol abuse. 68 It is not clear how the DRD2 gene exerts its effect on alcohol use in the group of adolescents with permissive parents. Very plausibly, the genetically influenced behavior of the child evokes certain responses in other people, among whom their parents. 69 We therefore tested for this evocative G Â E correlation, by correlating the adolescent's DRD2 genotype and parental rulesetting. However, no relation was found between DRD2 genotype and parental rule-setting, excluding the evocative G Â E correlation as a possible explanation.
Our study is one of the first to examine a G Â E interaction with respect to adolescent alcohol use, using a longitudinal sample with extremely high retention rates, and to the best of our knowledge it is the first to find an interaction between DRD2 genotype and parenting. As such, our findings clearly need replication in other large, longitudinal population-based samples. 70 
Limitations
There are some limitations that need to be addressed. Our findings relate to alcohol use in a nonclinical sample of adolescents, and not to adolescents with clinically diagnosed alcohol abuse. Whether the current findings translate to clinical samples as well, remains a topic for future research. Perhaps adolescents who are restricted in their alcohol use by their parents and start using alcohol at a later age, may not progress to heavy drinking in young adulthood and possibly subsequently to alcohol abuse later in life (for example, Pitkänen et al. 64 ). Our findings might be (partly) explained by population stratification. However, the percentage of adolescents that was not born in the Netherlands was very small (1.2%), and an even smaller percentage was not born in a European country (0.2%). As the DRD2 genotype frequencies largely concurred with those of Caucasian samples in other population studies, 71 the effect of population stratification may be practically nonexistent. 72 The exclusive inclusion of Caucasian subjects makes it hard to generalize our findings to non-Western populations with other ancestries.
Also, parental rule-setting could be a consequence of parental substance use, 48, 49 which in itself may be a hereditary factor explaining adolescent drinking behavior. There are two studies that have examined the effects of parental alcohol use and problem drinking on parental rule-setting regarding adolescent alcohol use. Van der Zwaluw et al. 48 generally found no relation between parental problem drinking and parental rule-setting over time. Van der Vorst et al. 49 reported a significant cross-sectional association between alcohol consumption of fathers and their rule-setting. However, the variance explained by paternal alcohol use was rather small.
Another limitation of our study concerns the use of self-reports, which may be subject to over-or underreporting of alcohol use due to social desirability. 73 To minimize these biases, questionnaires had to be filled out individually. Adolescents were not allowed to discuss questions or answers with other family members. Moreover, self-reports regarding alcohol use have proved a reliable source of information.
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